consistently shown in rodent models that perinatal exposure to commonly used anesthetic and anticonvulsant drugs and ethanol accelerate this apoptotic process. Thereby resulting in increased neuronal dropout in the drug treated rat pups. These findings beg the question of whether other confounding variables are involved in this process.
Does prolonged exposure to anesthetic drugs directly accelerate apoptosis in the developing brain? Anesthetic drugs suppress neuronal activity by yet unknown mechanisms. However, ketamine and midazolam alter glutamate signaling by NMDA receptor blockade and GABA A receptor activation, respectively. The brain develops under the influence of neural input as the animal interacts with its environment. Certainly, physiologic simulation of the NMDA receptor promotes neuronal survival during development. Anesthesia removes the input and suppresses normal neural traffic. Prolonged exposure to ketamine and other NMDA receptor blockers results in a significant reduction of extracellular concentrations of glutamate, aspartate and glycine 16 . Lack of physiologic activation of neuronal populations by glutamate decreases synaptogenesis and cell to cell interaction 17, 18 . Taken together, prolonged rather than acute exposure to various anesthetic agents appears to mediate neurodegeneration in rat pups. Perhaps it is the anesthetic-induce blockade of synaptic activity/transmission induced that mediates neurodegeneration. Woodall and colleagues recently demonstrated that long-term propofol treatment (18-24 hours) of lymnaea neuronal cell cultures reversibly blocked synaptogenesis 19 . Wash out of the drug resulted in delayed synaptogenesis. Their data demonstrates that prolonged exposure to an anesthetic drug, propofol, may inhibit synaptogenesis and lead to accelerated neurodegeneration.
Anesthetic drugs not only suppress the central nervous system but also depress circulation and respiration, leading to low tissue perfusion and hypoxia. These mild insults can easily induce neurodegeneration in immature brains. Administration of an anesthetic in clinical practice is always accompanied by frequent measures of blood pressure and oxygenation, thereby minimizing the side effects of the anesthetic drug. The same level of hemodynamic monitoring is not feasible in the rodent experimental paradigms. Furthermore, the anesthetized rat pups do not suckle during the administration of the anesthetic. Hayashi and colleagues have demonstrated attenuated weight gain in the anesthetized group, suggesting that malnutrition may be a contributing factor 20 . Certainly there are a wealth of data in the literature linking malnutrition to decreased brain growth and learning disabilities 21 . Prolonged exposure to isoflurane and nitrous oxide could potentially alter feeding behavior and would likely lead to decreased weight gain. However, the Olney group did not report these data in the studies. The experimental paradigms utilized in these rodent models do not provide nutrition to the rat pups during the prolonged period of anaesthesia. Neonates undergoing general anaesthesia, routinely receive nutritional support during the perioperative period. Thus, minimizing the risk for hypoglycemia and malnutrition. In this case, the rodent experimental model does not reflect the clinical phenomenon in human neonates.
Furthermore, the revelation of behavioral deficits after prolonged exposure to anesthetics is not a new issue. In 1985, Uemura and colleagues reported that prolonged exposure to halothane resulted in decreased synaptic density and stunted behavioral development. 22 Similar findings have been observed in rat pups revealing a NMDA receptor blocker, MK-801 23 . Hayashi and colleagues reported that prolonged rather than limited exposure to ketamine increased neurodegeneration and that the former lead to a significant decrease in weight gain 20 . Rat pups receiving ketamine continuously for nine hour exhibited poor feeding behavior and increased neurodegeneration. Whereas single doses of ketamine did not affect weight gain and neurodegeneration. These studies suggest that prolonged exposure to these drugs may be an essential factor in this phenomenon. A rat brain develops over a matter of weeks while a human brain develops over years. Six hours of anesthesia in a neonatal rat pup equates to weeks in a human neonate. Would an infant develop normally if it were fully anesthetized for a month?
There is no doubt that prolonged exposure to anesthetics (and other drugs and mild insults) leads to accelerated neurodegeneration and behavioral deficits in the already vulnerable neonatal rat brain. Similarly, fetuses and neonates subjected to pain and stresses associated with painful procedures are also at risk for long-term adverse outcomes. Future investigations into these problems are needed to delineate the mechanisms associated with the neurodegenerative changes observed and determine if perinatal exposure to anesthetic drugs truly leads to neurobehavioral abnormalities in humans. An overriding theme in this phenomenon is that prolonged exposure of both paradigms is the prolonged and persistent nature of the exposure to either anesthetics or pain/stress. Fetuses and neonates are vulnerable to the long-term consequences stress and pain. Clinicians should continue administering but minimize the duration of anesthetics during surgery and painful procedures. The experimental findings of Jevtovic-Todorovic and Olney are scientifically sound and merit further investigation as to its pertinence to humans. Given the potential harm that withholding anesthetics have, alleviation of pain and stress during the perinatal period is essential and humane. As clinicians we should not throw the baby out with the bath water.
